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ABSTRACT

ih~6 report dcccrib?s a cla66 of
rn~cro~~n~ature, thin film devices knowl~
ac inteqratcd thcrmlonlc circuits (lTC)
capable of cxtrrndcd operation in ●mbl-
cnt tcm,peratures up co 500 C. The evo-
lution of the ITC concept i6 discusacd.
A 6ct of pract~cal deGiqr, and pcrforrn-
irncc equations is demonstrated. Rcccnt
cxpcrimcntal rcriulte are dlscuoccd in
wh~ch both dcvicc~ and simplu Circuitc
have 6uccc&sfully operated in 500”C cn-
vlrcnmcnts far c~tenclcd pcriodG of tim,r
(qI@atcr than 11000 hourG).

APPWACII

The approach taken for ITU actlvc
dcticeo has t)ecn to uric the intrinLil-
callj’ hlqh-tcrnpcrature phcnomenun ot
thcrmionic cmi6010n in conjunction with
th~n-fi]m, intcqratcd-c~tcuit technology
to produce micromlniaturc, vacuum tri-
odcu. The rcfiulting tcchnoloqy uee~
photollthoqraphlcally dcll~~atcd thin
illms of Refractory metaln and cathudc
material on heated, lnaulatiny oub-
ctratcfi. Typical qcomctrlos and dlmcn-
6ionu arc shown in Flq. 1. many 6UC)I
rkviccc ● re 6imultaneouLily Cat,ricatcd on
a ~lnqlc rrubrrtratc, re6ultinq in hiqh
pach,lny dcn~lty, TIIP Anteyratcd qrid-
cathodc atructure~ ●ru lntrlnelcally
ruqgcd.

THE ITC STMU~lU

NotlCC in th~k structure, the ●lludo
la in the natural path of the ●lcctronn,
●nd the cloaQiy interdiqltat~d qrlds ●nd
cathode- ●re umed to maximize qrld con-
trol. In a aenae, this ntructure Am
like # standard trlode with the qrid
moved down into the plane of the cath-
ode, In fact, it hau been shown throuqh
comput~r almulatlon and ●xp~rimentally
verified that tll~ fundamental ●quatlon

qovcrnlnq Conventional trlodc ~rform-
ance mey be u6cd to dek:cr;~e tht. ~1-
formancc of the ITC device.

(1)

where I ~ 16 the l.late current, Vq is the

qtid voltaqc, Vp tu the pltitc voltaqc,

,, iti the arnpltficat~on factor, and K i~
a constant called ?))c pcrvcancc. Fur-
thcr!norv, from ● l~ctroatatic arlalysib, it
hac been 6hOWn that for a d~,vicc with
qrld width, cdthode width, and yrid-to-
cathodc rapacinq equal to a and cathodc-
tv-anor.fc spacinq equa; to d,

,, = 0.5611 : - : . (2)

Thuc, II, the c!ectrostatlc amplification
f“ctor, Iu llncarly related to the ratio
rVa, with no other yeomctrical tactorri.
This rcuult 1a remarkably similar to
that obtained for a conventional trlorlc.
Therefore, depcndlnq on the circuit ap-
plication, the drxiircd ampllflcatlon
factor can ulmply bc uclccted by slpecA-
fying d/a.

A similar analynls for the device
nhown in t’19. 2, vhcre @ in the width of
the cathode, b the diut between the
qrld ●nd cathode, c the .h Of the
qrld, ●nd d the diatanc oetwcon ~lato
●nd cathodel rcaulta An

(~om- - AZA-C08 )a + 2b + c ,(3)

——



which can easily be summed on a calcu-
lator.

DEVICE PPCCESSING

To date, device procea6ing has been
ch,! most emphasized portion of the ITC
develo~ent program.

Sapphire was chosen aa the aub-
str~te material for ITC devices because
of ~ts high quality surface finish and
high electrical resistivlty at high
tempsrature6 (=8 x 107 1)-cm at 800”C).

Figure 3 is a side view of the ITC
metalizations on the circuit or device
side of the substrate.

Notice that all the metals are re-
fractory because of the need to ulth-
stand high-temperature environments.
(Th:6 16 in contrast to the gold and
aluminum used in conventional silicon
integrated circuits.) The bond pad i6
platinum, and the platinum bond wires
are attach~d by parallel-gap or ultra-
sonic wire bonding. The ba6e metal un-
der the cathode 16 tunq6ten.

The cathode coating technique wac
developed by Geppert, Dore, and Mueller
at the Stanford Re6carch ?,lstltutc in
1969. This Lcchnlquc use6 ,?hotorctiist
mixed with oxide cathode coating, which
1s then dclinoated photolithoqraphi-
tally.

In practice, the cathode coating is
spun onto the wafer and delineated like
photorcslat. The circuit i6 then pack-
aged and placed on a vacuum pump, The
packaqc is evacuated and the cathode
coating activated by applylng power to
the heater until the aubstra:e ap-
proached 91)O”C.

During normal Opvration, the heat-
ers arc uaca to heat the subatratc to
750-800”C in order to provide acceptable
electron em. ticion from the cathode (>100
*/cm’) .

CuRJtENT TECIINOLOGY AND LIMITATIONS

Fiqura 4 AC a picture of the firet
Loc Alamou ITU dovlco, manufactured in
1977. Th,f li~oo and opace& arc 5 Mile.

The heater pat.terr. ia vi6iblc on the
back of the Sbpphire. Thu dalkcr Ein-
gera aro thu cathodau.

Figure 5 ie ●n array of three de-
V1CC8 from 1979. The cathode and grid
linen arc 1 roll, ~nd apac~a botweer
qride ●nd cathodo ara 0.2 roll.

Becauac the oxide cathode in gran-
ular in natura (with crystals on the or-
dt?K of 1 Ilm), the 0.2 ●Pacin9 RPP@aru to
rcpreaent ●n optimal limit to dovlce
Biso*

This technology yields a minimum
device size of approximately 10 by 3.5
mile, which is enough to hold over
12,00C devices on a pair of 3/4-in-diam
sapphire 6ubstrates. A6 will be de-
6cribed later, factors other than minim-
um device size currently limit useful
density Of devices on a 6ubBtrate.

HIGH-TEMPERATURE OPERATION

The 400’C and 500’C operation t*EtS

conducted to date fall into two cate-
qori?s by time :rarne and package mater-
ial. The run September 1979 through
February 1980 used the stainless steel
(302) or Kovar envelope materia16. High-
temperature vacuum feedthrouqhs using
stainles6 steel, aluminum, and high-
temperature brazes were designed for
these packaoes by Ceramaseal Corpora-
tion, hew Lebanon, New York. Inltlally,
these packages had problems with the
evolution of manganese, iron, and chro-
mium, (In the form of diatomic oxides,
for example F!n20?), plun the liberation
of gases at higher tem~ratures. A6 a
result, these testc, described in the
upper portion of Table 1, should only be
considered preilmlnary. Even so, the
400 C te6t device operated CUCCCS6fU11y
f~r (.ver 7GO0 hour6, A nu~bcr of fiimplc
circuit~ were also run in hlgh-
tcmpcratu:e envlronmcnt~ using these
initial packagc~. In all ca6e6, failure
was duc to clcctric~l leakage on the
eubstralc bccausc the mctal~ were hc:inq
llberated from the piickaqc. The 5-MI!z
tl~rtlcy oscillator operated with both
the capacitor and ~nductor at 500”C.

With the undcrstand~ngs evolved
from the 6tainluss atecl anrJ Kovar
te~tc, a newer package wac deniqnud
u6ing nickel. The firct tefit bc’Jan
ll~y 9, 1980, and 16 bt’11 runninq after
11520 hours. Fiqur,.s 6 and 7 show the
dcvicc charactcricrtics on May 19 and
October 9. The device ct)aracterlstics
aru virtually ur.changed.

The second test used a dcvicc opcr-
atinq at 550”CI the dcvlcc is valved off
the pump to OIIOW periodic qaa-burbt
tcatu. Thi& t~nt waL terminated after
no apprecla>le gas build-up WJU obucrved
In 4009 houtu.

CONCLUSIONS REGARDING
HIGII-TEHPEMTURE OPEMTION

Baaed on the teats performed to
date, ITU toc’ll,oloqy has demonstrated
the ability to operate auccesefully and
reliably for thousiande of hours ●t tem-
,.craturea up ?0 500”C. Thic temperature
la not the fundamental limit for ITC de-
viceo~ and with the evolution of better
qettering technlquea (mor~ complex thdn



titanium) and packaging tec,lniques (per-
haps glass-ceramic [11), iqher tempera-
ture? operations are expected in the
futJre.

CIRCUITS

The design of ITC circuits is in
many ways similar to the d- ~n of con-
ventional integrated ci~c’ There-

fore, ITC design techniques uae the
advantages gained from the elmultaneous
fabrication of many devices on the same
sub~trate. The inherent matching of de-
vice characteristicfi and the Zrackinq cf
these characteristics over temperature
and Aife are explolted. Functional Cir-

cuit elements such as differentional
stages, current aource6, and Clrcuita
that use active devices as loads have
heen fabricated us!ng diecrete ITC de-
vices, and their performance has been
verified against theory. The s~mplc ac-
tive load, 61,0wI) in Fig. 8, is particu-
larly valuable beCau6C lt6 qain [-:./2)
is only dcpcndcnt on device qeometry,
the ratlc of llne width to cathode-anudc
~pac~ng. Therefore, the qain of the
stage is lndcpcndent of the tran6conduc-
tanccc oi the twc. devlce6 6nd, hcncc, o!
the opcr.st~nq Compermturcs.

A6 a roGult of the GacccGs of de-
r.ilgninq funct~onal ITC clrcultG uslnq
dlccrctc dcv:ceG, the dcGAqn of lntc-
qratcd lTC circult6 ha6 bccamc the re-
cent emphatiis of the proqra~. Bccauuc
thtsc cf(orts arc onqoinq, thl~ scctlon
will mainly contain qcnelal comrrentu and
dlrcctlon6 for future wcrk.

The de~iqn 01 lntcqratcd clrcultry
with complex functlonG on a Clnylc pair
of cub~trate~ pre6cntn new challcnyc~
ond pOGSlbilitlCG aG a rcGu~t of device
match,jnq and, unfurtunatcly, some p~ob-
lcmb, in particul~r, clcctrot3tatic intcr-
actiono bctwcon dcvicc~. Fktjurc 9

~chcmatic”ally depicts thu origin of UUC))
JntcrartiunB.

The kc} to increaslnq the func-
tional comi~lcxity and maximum qain un a
~lnylc aubGtratc pair will b? the clcvcl-
opmcnt o! appropriate tcc),niquc~ for
mJklny dc6iyn tradcuff~ bCtWCCn dcvicc
layout (pouition on the Rubet-ate) and
circuit function.

Although rcaultt! arc 6till tenta-
tive, tsiyc. 10 ~nd 11 Ghow the layout r[
onc experimental pair of aubutratcs foi
a differential gain utaqo, In curr~nt
expcrirncnts, a oeriee of device maukn
are ua~d to photollthographical ly gener-
ate an array of devic?u, which ●re thcr,
interconnected uoiny a aerlea of maaka
with line aeqmcnta. Reuulta suqg~at
that a reasonable 2-year goal for lTC
technology 16 the dcnlgn of an opera-
tional armplificr with a voltage gain of

1000 or more on a pair of 0.75-in-diam
substrates.

CONCLUSIONS

Ba6ed on the results described
above, the future for lTC technology is
Lrlght. Programmatic efforts have led
to an ITC technology with demonstrated
high-temperature ca~>ability (50~’C for
Chousandb of hours) and to fabrication
techniques commensurate with mass pro-
duction. Physical modrls and detailed
device understa~d~nqa have been devel-
oped. Preliminary circuite uelng dis-
crete devices, single not integrated,
ilavc demonstrated the potential of ITCS.
All that remains i6 the final dcvelop-
rncnt of lnteqrated c:rcult design tech-
nique6 and the demonstration of lntcqra-
ted c~rcuity.

The results of the ITC dcvclopmc.~t
proqr.am suqqest that ITCS may t>ecome an
important technology for high-
tempcraturc lnutrumcntatlon and control
6yOtCR,6 in qeothcraal and other h~qh-
tumpcracure cnvironmcnt6.

lt should a160 bc noted that al-
tllougn these dcvic.~ci afi dcncrlbcd were
dcvclopcd fot high-temperature cnvlron-

tib,, harrtncs~ to 1017 neutronu/cm: and
mcnt6, LcGtri have a rcariy shc.’n radla-

2.5 x lCfi rarl (i:ith M dcqradatlon
cbncrvca) . Tt~l~ comLlr,at ion of hlqh-
tcmpcraturc and hlq,,-rbdlatlon tolcr-
gnce (I~Go LiUqqC6t6 ttlc POtcntlal for
appllcJtlon in Instrumcntatlon and con-
trol ~yGtcmG or eucll cnvl(onmcntu a~
thu6c prc~(’ntt’d by t)lc 1UU6 of fl~lld In
u nuelcar rcactgr.
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Table 1. High-temperature life test eummary - lat eeries.

Start Bulb
n Tv* K ~.~

400°c

Soo”c

500°c

Soo”c

300°C

600°C

500°c

5oo”c

5oo”c

500QC

9-26-79

9-27-79

9-17-79

10-18-79

10-4-79

9-20-79

11-2-79

11-7-79

1-31-80

2-19-80

7750

1608

2590

430

4464

328

1070

6144

588

816

Triode

Amplifier
(Z-device)

Triode

Trlode

Triode

Triode

Differen-
tial amp
(6-device)

Trlode in
Ti jig

5-MHz
oscillator

5-MHz
~qclllatn:

Kovar

Kovar

Kovar

Rovar

S*S.

Kovar

Kovar

Kovar

Kovar

hovar

No appreciable degradation through
6000 hours; emission 106s thereafter
stopped at 808 loss.

Stopped - gain of 1; individual
tests indicated emission loss.

No emission degradation through 2000
hours~ increasing ga6 load, emission
loss thereafter 6topped at. 50%.

Stopped - loss of emission.

No degradation through 4000 hours;
emission loss thereafter stopped at
50Q 10SSO

Stopped - 108s of emission.

Stopped - decreasing gain; electri-
cal leakage on substrate.

Gradual decline in emission with ln-
crea61ng gas load6 aft-r 2000 hourc;
ste~ped at 50Q 10SS.

Oscillation stoppedj electrical

leakage on scbstratc.

OSCl]latlOn stopped; electritdl

leakage on substrate.

The above tests have all been terminated. The following te6ts are Gnqoing

utiing high-purity nlCkcl bulbs and ‘clean” welding techniques.

Table II. High-temperature life test eummaly - 2nd uerins.

Start 9-8-81 Bulb

~“~~w~”~ —.. .

Soo”c 5-9-80 11520 Triodc KA Nr, degradation in emission; no

leakage: ongoing.

Sso”c 7-8-80 4000 Triode Ni V#lved Off pump tO facilitate 9aJ
burct tests) developed lCIOPC.
PurBt test tit 1400 hour6 indicated
ar90n present~ evidence of yafi
cleared terminated at 4000 hourG,
no new jas evolution observed.
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Fig. 4. First LOS fll Jmos lTL. dc”.’icc
(1977).
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Fig. 5. Three trluclcs (1979;.



Fig. 7. DQVICQ (!iOO°CJ ●fter 3600 hour-.
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Fiq. E. Gain stage with actit,c 10JL1.
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Pig. 9. Electrostatic interactions.
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Fig. 10. Substrate 1, differ er, ti~l gain stage.
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Fig, li. Substrat? 2, differential gain stage.


